ABSTRACT: Suboptimal developmental environments program offspring to lifelong metabolic problems. We evaluated effects of maternal isocaloric low protein diet during pregnancy and/or lactation on milk quantity and leptin concentration at postnatal day 7, 14, and 21. Control mothers ate 20% casein (C) and restricted mothers (R) 10% casein to provide four groups: CC, RR, CR, and RC (first letter pregnancy and second lactation diet) to enable evaluation of effects influenced by maternal diet during pregnancy and lactation. Milk leptin was not a determinant of pup serum leptin. Pup serum leptin did not inhibit milk appetite at any postnatal age. Pup serum leptin did not correlate with pup adipose tissue. Finally, the normal postnatal leptin rise in pup serum was delayed by prenatal undernutrition. These data suggest that fetal nutrition modifies timing of neonatal leptin surge and may contribute to the development of altered appetite and metabolic disorders in later life. H uman epidemiologic (1) and experimental animal studies (2) have shown that suboptimal environments in the womb and during early neonatal life alter growth and predispose individuals to lifelong health problems. Effects of maternal nutrient restriction during pregnancy and/or lactation have been studied in many different models. A variety of growth, endocrine and cardiovascular phenotypes result from nutrient restriction in different developmental windows. Perinatal malnutrition predisposes to offspring obesity in adulthood by changes during the development of central neural pathways mediated by regulatory mechanisms including leptin (3). Rapid catch-up growth after early growth restriction increases the risk of developing obesity and cardiovascular disease in later life (4,5).
H uman epidemiologic (1) and experimental animal studies (2) have shown that suboptimal environments in the womb and during early neonatal life alter growth and predispose individuals to lifelong health problems. Effects of maternal nutrient restriction during pregnancy and/or lactation have been studied in many different models. A variety of growth, endocrine and cardiovascular phenotypes result from nutrient restriction in different developmental windows. Perinatal malnutrition predisposes to offspring obesity in adulthood by changes during the development of central neural pathways mediated by regulatory mechanisms including leptin (3) . Rapid catch-up growth after early growth restriction increases the risk of developing obesity and cardiovascular disease in later life (4, 5) .
One of the most important neonatal factors involved in developmental programming is the adequacy of nutrition during the lactation period. Breast feeding decreases the risk of obesity in later childhood (6) . Many factors including maternal milk composition, energy content, and quantity may influence future appetite control. Breast milk contains leptin (7) a hormone produced and secreted in a variety of tissues, predominantly by adipocytes (8) which regulates food intake and energy expenditure at the hypothalamic level in adult animals (8, 9) . Circulating levels of leptin correlate positively with the amount of fat stores (10) . During the first days of postnatal life, leptin levels are higher than those observed later in development (11) . Several studies have demonstrated a surge of leptin around postnatal days (PND) 10 -14 in the rat (11) . This surge has been correlated with maturation of the central nervous mechanisms that regulate appetite in later life. Leptin also seems to play a key role in programming the structural and functional development of hypothalamic orixigenic and anorexigenic centers in the early postnatal period.
We have demonstrated that maternal protein restriction in the rat during either pregnancy or lactation alters postnatal growth, appetitive behavior, and leptin concentrations at 110 d postnatal age (12) . The developmental programming effects on pups are dependent on offspring sex and the period of exposure to undernutrition. Teixeira et al. have shown changes in leptin concentration, during lactation, in pups whose mothers were exposed to protein or energy restriction (13) . In contrast with our reported data (12), the leptin serum concentrations after weaning were unchanged. This discrepancy could be explained by differences in the litter size retained during suckling in these studies.
Little attention has been given to how the various nutrient restriction regimens alter quantity and quality of milk available during lactation. Associations have been published between offspring weight, offspring growth, and milk leptin concentration (14) . However, in altricial species where the early postnatal leptin surge plays a critical role in the maturation of appetitive centers in the brain, it is important to determine whether the leptin responsible for this key maturational function is of fetal or maternal origin.
We evaluated the effects of feeding an isocaloric low protein diet, during pregnancy and/or lactation, on milk quantity and milk leptin concentration available to pups at PND 7, 14, and 21 to determine whether there is any correlation between neonatal serum leptin concentrations with milk leptin concentrations and total milk leptin provided to the pups on neonatal life in the rat.
MATERIALS AND METHODS
Care and maintenance of animals. All procedures were approved by the Animal Experimentation Ethics Committee of the "Intituto Nacional de Ciencias Médicas y Nutrición, Salvador Zubirán" (INCMNSZ), Mexico. Details of maternal diet, breeding, and management of the four groups of offspring have been published in detail (15) . Briefly, mothers were virgin female albino Wistar rats aged 11 Ϯ 1 wk and weighing 240 Ϯ 20 g, obtained from INCMNSZ. Female rats with regular cycles were maintained on Purina Laboratory Chow 5001 and under controlled lighting (lights on from 7:00 AM to 7:00 PM at 22-23°C).
Female rats were mated overnight with proven male breeders and the day on which spermatozoa were present in a vaginal smear was designated as the day of conception, day 0. Only rats which were pregnant within 5 d of introduction of the male were retained in the study. Pregnant rats were transferred to individual metabolic cages and allocated at random to one of two groups to be fed either a 20% casein (control diet-C) or 10% casein isocaloric diet (restricted diet-R) (16) . Food and water were available ad libitum.
Food was provided in the form of flat biscuits, which were retained behind a grill through which the rats nibbled the food. On day 20 postconception, pregnant rats were transferred to normal cages to optimal conditions for delivery, which occurred in the early daylight hours between 9.00 AM and noon on postconceptual day 22. Day of delivery was considered as day 0 of postnatal life.
Maternal weight, litter size, and pup weight were recorded at birth. Ano-genital distance was measured with calipers. According to our published data (12) , sex was judged according to whether the ano-genital distance was less (female) or greater than (male) 2.5 mm. To ensure homogeneity of study subjects, litters of over 14 pups, or less than 12 pups, were not included in the study. Litters of 12-14 pups were adjusted to 12 pups for each mother while maintaining as close to a 1:1 sex ratio as possible. Four groups were established: CC in which mothers that received the control diet during pregnancy continued to be fed the control diet during lactation; RR in which mothers that had received the restricted diet during pregnancy continued to receive the restricted diet during lactation; CR in which mothers that received the control diet during pregnancy received the restricted diet during lactation; and RC in which mothers that received the restricted diet during pregnancy were provided with the control diet during lactation. After weaning (PND 21), all pups were fed with C diet. Experiment 1. Twenty-two mothers/litters: CC (n ϭ 5: 5.6 Ϯ 0.4 male/ litter, 6.4 Ϯ 0.4 female/litter), RR (n ϭ 6: 5.5 Ϯ 0.5 male/litter, 6.5 Ϯ 0.5 female/litter), CR (n ϭ 6: 5.3 Ϯ 0.7 male/litter, 6.7 Ϯ 0.7 female/litter), and RC (n ϭ 5: 6.2 Ϯ 0.2 male/litter, 5.8 Ϯ 0.2 female/litter) were studied for maternal milk production and pup milk intake. Randomly two male and two female pups per litter were used to determinate carcass components. Preliminary analysis for differences according to the sex of the pup revealed no difference, and thus all data were pooled. Experiment 2. Eighty mothers and litters, n ϭ 5 for group per age were used to study maternal milk and pup serum leptin concentrations. Randomly, two male and two female pups/litter per age were used for serum leptin determination with the exception of offspring from PND 2 in which all the pups for each sex per litter (n ϭ 4 -8 pups/sex) were used and the samples polled. No sex differences were found in serum leptin at this age, therefore, we averaged male and female data.
Measurement of maternal milk production and pup milk intake. At 7:00 AM on PND 7, 14, and 21, pups were removed from the mothers for 4 h during which mothers ate ad libitum whereas the pups did not feed. Pups were labeled on the tail with a permanent marker. Mothers were weighed at the beginning and end of the 4-h period. Pups were weighed individually immediately before they were returned to the mothers and again 1 h later.
As discussed below, the excellent correlation between the increase in maternal and pup weight was used to justify approximation of maternal weight gain to milk production. Relative milk intake was calculated from the absolute food intake/pup body weight.
Measurement of milk leptin concentration. Milk was obtained on PND 7, 14, and 21. Pups were removed from the mothers for 4 h after which the mothers received 0.8 U oxytocin (ip) and milk expressed 15 min later. Samples were vortexed, divided in aliquots, and frozen at Ϫ20°C until analysis. Milk samples were thawed at 37°C and vortexed vigorously before pipetting to ensure sample uniformity. Milk leptin concentration was determined by RIA using a commercial rat kit from Linco Research, Inc. with a detection limit 0.5 ng/mL using 100 L samples size. Milk samples were assayed in duplicate.
Measurement of pup serum leptin concentrations. At 7:00 AM on PND 7, 14, and 21 pups were removed from the mothers for 4 h during which pups did not feed. We obtained all samples from rats in the fasted state to avoid leptin variation. Offspring of 2 d of age were not subjected to fasting. Between 11:00 AM and noon, pups were rapidly killed by decapitation using a rodent guillotine (Thomas Scientific, NJ). Trunk blood was collected into polyethylene tubes and allowed to clot at 4°C for 1 h. Blood samples were centrifuged at 1500 g for 15 min at 4°C. Serum samples were kept at Ϫ20°C until assayed. Pup serum leptin concentrations were determined by RIA using a commercial rat kit from Linco Research, Inc. Each serum sample was assayed in duplicate.
Carcass components (fat-to-protein ratio). At 25 d of age, rats were rapidly killed as described above and kept frozen in small plastic bags until they were analyzed. Head and gastrointestinal tract were discarded from pups and not included in the analysis. After weighing (wet weight), each carcass was chopped into small pieces, placed in a tared beaker and dried at 60°C to constant weight. The weight lost is considered to be water weight. The dried carcasses were ground-up and aliquots were taken. Fat was determined gravimetrically, evaporating the solvent from an aliquot of the hexane-isopropanol extract by Soxhlet method and total nitrogen by the Kjeldahl method (17) .
Statistical analysis. Data from animals within the litter were averaged and analysis performed only on number of litters. All data are presented as the means Ϯ standard error of the mean. Statistical analysis was performed using ANOVA followed by Tukey's test. Unpaired t test was also used to compare male and female data. Maternal milk production, pup milk intake, maternal and pup serum leptin, and pup body weight correlations were calculated using a Pearson correlation. p Ͻ 0.05 was considered significant. Table 1 shows maternal weight. There were no differences between the groups on the day of delivery. The maternal weight data on the day of birth lack precision because of the irregular timing of delivery relative to the time at which the dams were weighed, therefore, data at birth are provided to give an approximate weight at the start of lactation. Although maternal weight showed a tendency to be lower in RR and CR compared with CC, the difference was only significant on PND 14.
RESULTS

Maternal body weight.
Milk production and leptin concentration. Maternal milk production was lower in RR and CR and was higher in RC at PND 14 and 21 (Table 2) . CC milk leptin concentration was not different at the three ages studied. RR milk leptin concentration was higher at PND 14 than at PND 7. CR milk leptin concentration was higher at PND 21 than at 14 and higher at PND 14 than 7 and milk leptin concentration in the RC group was higher at PND 21 than PND 7 ( Table 2 ). Milk leptin concentration was higher in the CR group than in the CC, RR, and RC groups at PND 14 and 21, and higher in the RC group than in the CC group at PND 21 ( Table 2) .
Pup serum leptin. For CC and CR groups, the highest pup leptin concentration was at PND 14. In contrast, in RR and RC the highest was observed at PND 21, indicating a delay in the leptin peak occurrence in animals which were undernourished prenatally ( Fig. 1) . At PND 2, there were no differences among groups in pup serum leptin. At PND 14, RR and RC had lower leptin values in comparison with those in CC. At PND 21, leptin values in RR were higher than in CC and CR, Maternal body weight at birth and during lactation (postnatal days 7, 14, and 21) in the 4 groups exposed to different diets during pregnancy and lactation. Mean Ϯ SEM. p Ͻ 0.05, * vs. CC; † vs. CR, at the same age.
and at PND 25, pup leptin concentration for RC was higher than for CC and CR.
There was no correlation between milk and pup serum leptin concentrations at any age either in the individual groups (p Ͼ 0.05) or when all the groups and the different days were pooled (r ϭ 0.04, p ϭ 0.7). Milk leptin-to-pup serum leptin ratio was higher in CR than in CC at all ages (p Ͻ 0.05) as were RR and RC at PND 14 ( Table 2) .
Pup body weight and milk intake. There were no important offspring sex differences for pup body weight in the first 25 PND (Table 3) . At PND 7, RC pup body weight was higher than the weight in RR and CR. Both male and female offspring in the groups restricted during lactation had lower body weights in comparison with the weights in CC and RC from PND 14 to 25.
Absolute food intake by the pups increased in all groups with age (Table 4) . Pups in the RC group had a higher milk intake at PND 7 in comparison with those in CC and CR. At PND 14, the RC group had the highest and CR the lowest absolute food intake. At PND 21, the absolute food intake in the RR group was lower than the intake in CC and RC. The only differences in relative food intake were at PND 14 when RC pups had a higher relative food intake than those at RR and CR (Table 4) .
Correlation studies. There was a positive correlation between milk production and milk intake when all groups and days were pooled (Fig. 2) . No correlation was found for PND 7, but there was a high positive correlation on PND 14 (r ϭ 0.8 p Ͻ 0.001) and approaching significance at PND 21 (r ϭ 0.4 p ϭ 0.08) (Fig. 2) .
There was no correlation between pup serum leptin and body weight gain after 1 h of feeding (milk intake) in any individual group on the 3 days of measurement. However, when all groups and ages were pooled, milk intake and pup serum leptin were significantly positively correlated (r ϭ 0.3, p ϭ 0.01) (Fig. 3) .
There was a positive correlation between absolute milk intake (g/h) and pup body weight (g) in CC, CR, and RC groups at PND 7, 14, and 21 (p Ͻ 0.05). No correlation was Individual pup absolute and relative milk intake on post natal days 7, 14, and 21 in the 4 groups of mothers exposed to different diets during pregnancy and lactation. Absolute milk intake expressed as body weight gain after 1 h feeding (mg/h). Relative milk intake was calculated from absolute milk intake/pup body weight. Mean Ϯ SEM, n indicates number of litters.
p Ͻ 0.05, * vs. CC and CR; † vs. CC; ‡ vs. CC, RR, and CR; § vs. CC and RC, at the same age.
found for the RR group (r ϭ 0.3, p ϭ 0.3) (Fig. 4) . Relative food intake expressed as weight gain/h/g of body weight was positively correlated with pup weight in CC and CR. No correlation was observed in the RR and RC groups. It is interesting to note that these groups were those that presented a delay in serum leptin peak occurrence.
Pup body composition at 25 d of age. At PND 25, body fat-to-protein ratio was higher in RC than RR male offspring and higher in RC than in CC, RR, and CR female pups (Fig. 5) .
DISCUSSION
In comparison with the literature on postnatal growth and function of offspring of rats submitted to various nutritional challenges during pregnancy and lactation there are few data on how various nutrient restriction regimens alter quantity and quality of milk available to the pups. Consideration of the ways in which milk leptin may affect pup development has received less attention than the effects of experimental leptin administration in the neonatal period. The present study was conducted to determine the effects of maternal protein restriction during pregnancy and/or lactation on offspring milk availability and intake, milk leptin concentration and total milk leptin provided to the pups, pup serum leptin and pup growth, and their relationship to offspring body composition at weaning.
Maternal weight showed a tendency to be lower in RR and CR, with not statistical differences among them. However, the subsequent weight gain during lactation of RR was 24 g whereas CR was 3 g. We do not have an explanation for this difference, but because the mothers in RR group were restricted during pregnancy they probably had a greater drive to eat during lactation than those in the CR group.
Our finding of similar maternal weight at birth and similar pup weight at birth correlates very well. As in many other studies, protein restriction at these levels is not enough to make any difference in maternal and pup weight at birth (18) . In the developmental programming field, it is now generally considered that weight is a very poor measure of changes. Important modifications occur in the pups without a change in the overall weight.
Analysis of the data for maternal weight gain over a period of 4 h (milk production) revealed interesting differences in the four groups. Although weight at all the three ages studied was similar in CC and RC, the maternal weight gain in RC was 50% greater than in that in CC. Because maternal weight over the whole period did not differ in these two groups we have made the assumption that increased weight gain in the 4 h reflects increased milk production. This conclusion is supported by the greater increase in pup weight gain after 1 h with the mother (milk intake) in the RC compared with CR group at PND 7 and 14. In contrast, mothers in RR and CR exhibited decreased milk production. Maternal and offspring suckling factors are both likely to be involved in the increased milk production in a setting of increased pup milk consumption. There are data in the literature that indicate that pup consumption affects milk production as well as data showing that milk production has an influence on pup consumption (19, 20) . One way to determine the relative influences of these two possibilities in future studies would be to reduce the number of pups suckling the dam. Leptin is present in the milk of many different species (21) (22) (23) , including humans (7). Nursing rats can transfer leptin to the neonates via the milk (24) . Milk leptin concentration is determined by a number of factors, the major ones being mammary gland leptin secretion and total volume of milk produced. There were no clear associations between milk leptin concentration at the different postnatal ages and the four dietary regimens. This finding of constancy in milk leptin in mothers with different dietary histories is in keeping with the view that milk composition is protected under a wide range of maternal metabolism (25) . This protection does not however extend to the quantity of milk produced as we show here.
The milk production and pup milk intake in RC group is significantly higher than in the CC group, but pup body weights between these two groups are similar. This observation demonstrates the complexity of just evaluating postnatal development in terms of weight. Clearly other factors such as metabolic rate, activity, and heat loss will all play a role. The results observed in the RC group (milk intake and body composition) are of importance for determination of optimal postdelivery and preweaning feeding of human neonates undernourished in utero due to causes other than poor maternal nutrition such as uterine vascular disease when the fetus is undernourished but the neonate is not exposed to poor maternal nutrition during lactation. The changes we have observed in pup serum leptin and in body growth postnatally in the RC group, may be those for which this type of newborn is most at risk. Rapid catch-up growth during the early months of life during lactation or feeding with artificial formulas can result in problems in later life (26) .
Serum leptin concentrations are higher in neonates than in adults (27, 28) despite the presence of a lower proportion of body fat immediately after birth (28) . We observed a delay in the leptin peak (PND 21) in RR and RC. This observation suggests that the common factor is the restriction during pregnancy and is of considerable interest in the light of the work from several laboratories that indicates that the normal rat postnatal serum leptin surge that takes place around PND 10 -14 plays a central role in the maturation of the hypothalamic appetitive centers (29) . Advancing the leptin peak by exogenous subcutaneous leptin administration leads to obesity in later life (3), however, the opposite effects have been reported by others (30) . There are no data on the effects of a delayed serum leptin surge such as we describe in the RR and RC groups. We have reported that the offspring of RC mothers become very obese whereas offspring of RR mothers have the lowest weight gain of all four groups in adulthood. These observations apply to both males and females (12, 31) . These findings indicate that the effects of developmental influences during pregnancy are further modified by the level of nutrition available in lactation. There is currently much interest in an altered timing of the leptin surge in predicting future appetite and phenotype of offspring. Our findings indicate that there are many factors determining eventual phenotype in addition to the timing of the leptin surge.
When body composition was evaluated at PND 25, the highest leptin and body fat were seen in the RC group. However, body fat did not correlate with pup leptin in the other three groups. Further studies are needed to evaluate both the source of pup serum leptin and the mechanism by which the leptin surge is delayed in the offspring of mothers restricted during pregnancy and how changes in appetite brought about by this alteration interact with other factors such as activity and altered metabolic rate in the genesis of obesity.
We also sought to determine whether the leptin in fetal serum is of fetal or maternal origin. Our findings indicate that there is no correlation between milk leptin intake and pup serum leptin. This finding is of importance in relation to the potential role of pup leptin in inhibiting pup suckling behavior. It is well known that in adults the hormone leptin inhibits food intake. However, the correlation between pup serum leptin and milk intake was very weak and showed no significance in any individual group. This finding is consistent with previous observations that leptin administration is unable to influence body weight, fat pad, and milk intake (28) . In addition, exogenous leptin did not modify milk intake in neonatal mice at PND 7-10 (28). In contrast, rat studies have shown that physiologic oral doses of leptin administered during lactation exert anorexigenic effects without affecting body weight gain (23) . Our findings are not surprising in view of the very different timing of maximal pup serum leptin values in the four groups. In fact the poor correlation of pup serum leptin and milk intake over the full study was positive showing no indication of an inhibitory effect of leptin on milk appetite in the neonatal pups.
In conclusion, we would make four major observations from our evaluation of changes in milk and pup leptin. First, our findings indicate that milk leptin is unlikely to be a major determinant of pup serum leptin. Secondly, we could find no evidence that pup serum leptin inhibits milk appetite at this age. Thirdly, pup adipose tissue may not be the only neonatal source of leptin in pup serum. Finally, the normal postnatal rise in leptin was delayed in animals undernourished prenatally. These data are compatible with the view that the timing of neonatal leptin surge is influenced by fetal nutrition and may play a role in altered appetitive regulation and contribute to the development of metabolic disorders in later life.
